This paper describes a method for manipulating plant membrane fatty acid compositions without altering growth temperature or other conditions. Tween-fatty acid esters carrying specific fatty acids were synthesized and applied to various organs of plants growing axenically in glass jars. Treated plants incorporated large amounts of exogenous fatty acids into all acylated membrane lipids detected. Fatty acids were taken up by both roots and leaves. Fatty acids applied to roots were found in leaves, while fatty acids applied to leaves appeared in both leaves higher on the plant and in roots, indicating translocation (probably in the phloem). Foliar application was most effective; up to 20% of membrane fatty acids of leaves above the treated leaf and up to 40% of root membrane fatty acids were exogenously derived. Plants which took up exogenous fatty acids changed their pattems of fatty acid synthesis such that ratios of saturated to unsaturated fatty acids remained essentially unaltered. Fatty acid uptake was most extensively studied in soybean (Glycine max [L.] Merr.), but was also observed in other species, including maize (Zea mays L.), mung beans (Vigna radiata L.), peas (Pisum sativum L.), petunia (Petunia hybrida L.) and tomato (Lycopersicon esculentum Mill.). Potential applications of this system include studying intemal transport of fatty acids, regulation of fatty acid and membrane synthesis, and influences of membrane fatty acid composition on plant physiology.
were transported inside plants. Plants of several different species incorporated exogenous fatty acids supplied as Tweenesters into membranes of both the tissues to which they were applied and tissues elsewhere in the plant.
MATERIALS AND METHODS Plant Materials
Seeds ofall species used were surface-sterilized by treatment with chlorine gas for 5 h, and germinated axenically. Except where indicated, seedlings were transferred to sterilized quart glass canning jars (covered with a 100 mm glass Petri dish lid) containing 50 mL of Leggett 
Chemicals
Tweens carrying specific fatty acids were synthesized as described ( 14) . All solvents were reagent grade.
Lipid Extraction and Analysis
Many aspects of plant fatty acid metabolism and influences of membrane fatty acid composition on plant physiology are poorly understood (1, 5, 7) . To help study these problems a system for altering the membrane fatty acid composition of cultured soybean cells by adding Tween-fatty acid esters to their growth medium was developed (14, 15) . Although this system is suitable for many studies related to membrane and lipid metabolism, its usefulness is limited by the requirement to work with cultured cells.
This paper reports that Tween-fatty acid esters may also be used to modify membrane fatty acid compositions of whole plants, together with the unexpected result that fatty acids after boiling in isopropanol and the crude extract was filtered through GF/C filters. The filter cake (and filter) was then ground in more hexanes:isopropranol (3:2, v/v), and this extract was filtered through a second GF/C filter. The material left on this second filter is referred to as the filter cake; subsequent fractionation into lipid and aqueous phases and then of the lipid components was done as described (14) . Radioactivity in the various fractions was determined by scintillation counting. For analysis of individual lipids crude extracts were separated into classes by column chromatography on silica gel (Baker 60/200) sequentially eluted with 10 column volumes each of chloroform (NL), acetone (GL), and methanol (PL). Each class was then fractionated by TLC and fatty acid methyl esters were prepared from individual lipids (identified with diagnostic sprays and by comigration with authentic standards); for radioactive analyses each lipid was scraped into vials and its radioactivity was determined by scintillation counting.
Liposome Preparation and Fluorescence Depolarization
Fluorescence intensity and depolarization oftrans-parinaric acid inserted into liposomes prepared from membrane PL was measured as described (16) .
Fo Chi Fluorescence
Fo Chl fluorescence as a function of temperature was measured as described ( 12) .
Tween Application Filter-sterilized Tweens were either painted onto leaves using sterilized metal spatulas, or added to the hydroponic solution as indicated. (Table II) . Differences between cultivars were not investigated in other species.
RESULTS

Effects of Growth Conditions
Most plant species only tolerated foliar Tween application when grown under high relative humidity; either in sealed glass jars, humidified greenhouses or growth chambers, or when treated leaves were sealed inside plastic bags (under drier conditions treated leaves wilted and later abscised in all but a few species such as maize and alfalfa). Soybeans grown in sealed jars incorporated the most fatty acids; similar effects were observed in maize, although not as pronounced (Table  IIIa) . Maximal incorporation at application site and translocation of 17:0 was observed in both soybean and maize grown Table II 
. Plants Incorporating Exogenous Fatty Acids into Membrane Lipids
Seeds of the indicated species were surface-sterilized, then germinated on sterile moistened filterpaper. Seedlings were transferred to sterile quart jars containing 20 mL LF medium, and were kept under constant light (200 IuE * m-2 s-1) at 260C. Tween-1 7:0 was either added to the medium (to 3 mM 17:0), or applied to the primary leaves once these were fully unfolded. Seven d after application plants were harvested, washed, and lipids were extracted separately from roots, primary leaves, and younger leaves as described in (Table IIlb) . Nutrient concentrations also affected incorporation, and, to a lesser extent, translocation in soybeans (Table IMIc) ; maximal incorporation was observed in plants grown in 2x LF medium, which also gave best growth (W Terzaghi, unpublished data). Photoperiod had little effect on uptake (Table MId) . Attempts to stimulate root uptake and translocation by growing plants hydroponically in the greenhouse in medium containing Tweens were unsuccessful (W Terzaghi, unpublished data).
Distribution of Exogenous Fatty Acids between Lipids
Plants used exogenous fatty acids to synthesize all membrane lipids detected, as illustrated by Figure 2 , which compares lipids extracted from trifoliolate leaves of soybean plants whose primary leaves were treated with either [ 1-'4-C]acetate or Tween [1-'4-C] 18:1. Amounts of radioactivity incorporated into the lipid fractions are presented in Table IV .
Virtually all of the radioactivity applied as Tween was recovered from the plant, indicating very little net loss (e.g. from respiration), although some radioactivity was recovered from the medium, perhaps due to root exudation. Approximately 60% of the Tween radioactivity was recovered in the lipid fraction in all tissues; the remainder was about equally divided between the water soluble fraction and the filter cake. By contrast, distribution of acetate radioactivity varied substantially between tissues, and a much smaller proportion was translocated from the primary leaves (Table IVa) . Essentially no radioactivity was incorporated into lipids by leaves which were extracted immediately after treatment with either substrate (W Terzaghi, unpublished data).
Acetate-and Tween-treated plants also differed in their distribution of radioactivity between lipids: Tween-treated plants had more radioactivity in membrane lipids and less in NL (Table IVb) . Distribution between membrane lipids was similar in both treatments, except that relatively little radioactivity was found in PG in Tween-treated plants. By contrast, with Tweens had more in waxes, and much less in sterols and pigments (Table IVb) .
Distribution of radioactivity between fatty acids in acetatetreated plants roughly mimicked their proportions in the bulk lipid; by contrast, 18:1 and 18:2 were relatively enriched whereas saturated fatty acids and 18:3 were relatively depleted in radioactivity in Tween-treated plants (Table IVc) . ' 
A
The presence of radioactivity in sterols and saturated fatty acids in Tween-treated cells suggested some degradation of the [1-'4C] 18:1 and reutilization of the radioactive carbon (14) . Distribution of 17:0 between individual membrane lipids C was therefore also measured, as this would not arise from de novo synthesis and would therefore show how exogenous fatty acids were used. Similar results were obtained as with the radioactive fatty acids: 17:0 was found in all classes of membrane lipids, although with substantial variation between lipids (Table V) . In particular, MGDG was relatively depleted in 17:0, and only trace amounts of 17:0 were detected in PG from leaves, either at the site of application or elsewhere in the plant. By contrast, root PG had about the same amount of 17:0 as other root phospholipids (Table V) (Table VI) . However, as in cultured cells (14) , no desaturation of exogenously applied odd-chain length saturated fatty acids was observed in membrane lipids. Modifications of even-chain saturated fatty acids and of fatty acids incorporated into NL were not studied.
Effects on Ratios of Saturated to Unsaturated Fatty Acids
Tissues which took up substantial amounts of exogenous saturated fatty acids showed reduced amounts of 16:0 and 18:0, such that ratios of saturated to unsaturated fatty acids were essentially unaltered except in the roots of plants whose primary leaves were treated with Tween-17:0 (Tables I  and VI) .
Effects on Membrane Properties
Lateral phase transitions were detected at higher temperatures in membrane phospholipids isolated from both leaves and roots of plants which incorporated exogenous saturated fatty acids ( Fig. 3 ; Table VII ). However, the Fo Chl fluorescence rise temperature, a physiological parameter thought to be influenced by membrane properties (12), was not significantly different in these plants (Table VII) . trifoliolate, and primary leaves ("Medium," total radioactivity recovered in medium). Lipids were separately extracted from each part, and separated into "lipids," "water solubles," and "filter cake" as described in "Materials and Methods." Two plants were pooled for each sample. 9  44  2  62  3  74  2  78  3  74  8  51  9  42   25  28  22  27  19  29  16  28  25  25  19  14  13  14  10  8  9  15  8  9  25  22  25  22  22  22  27  17  18  27  17  23  27  17  28  19  22  40  31  28  16  48   17  32  28  27  24  24  22  22  21  15  18  18  16  22  28  25  23  20   10  8  5  12  48  47  32  22  20  23  41  49   41  43  43  51  42  60  36  43  32  33  45  43  51  50  50  55  52  50  34  36  34  48  41  47  46  55  53  56  42  50 Plants treated with Tweens carrying specific fatty acids transferred these fatty acids from Tweens to all membrane lipids, both at the site of application and elsewhere in the plant ( Fig.  1 ; Tables IV and V) . Certain fatty acids were modified: unsaturated fatty acids were further unsaturated, and short-chain fatty acids were elongated (Tables IV and VI) . Phospholipids isolated from plants which had incorporated exogenous fatty acids had higher phase transition temperature (i.e. a minor component began freezing at higher temperatures, Fig. 3 ), but changes in a membrane-related process were not detected (Table VII) .
MANIPULATING PLANT MEMBRANE FATTY ACID COMPOSITIONS
Uptake and incorporation ofexogenous fatty acids by leaves at the treated site has been previously reported (2, 6, 16) , but this is the first account of fatty acid translocation in plants. The appearance of exogenously supplied fatty acids throughout plants treated with Tweens indicated that translocation was probably in the phloem, as they were detected in tissues both above and below the treated tissue (Tables I, II (Table IV) . Large differences were observed between species in amounts of exogenous fatty acids taken up and translocated (Table II) . The variation between soybean cultivars suggests that these differences were due to variation in uptake ability, since these both grew comparably yet cv Noir I consistently took up and translocated more exogenous fatty acids than cv Minsoy under many conditions (W Terzaghi, unpublished data), although the alternative that conditions were not optimized cannot be ruled out. Cuticle thickness or properties may be responsible for these differences; an alternative is differences in the uptake or translocation pathways. The variation between cultivars shows that a screen of several cultivars would be worthwhile when adapting this system to other plants, and also suggests that a genetic study of the incorporation process may be possible.
The most striking environmental factor affecting Tween uptake was humidity (Table III) . At one extreme, Tween treatment under relatively dry conditions caused leaf mortality, presumably due to excessive water loss, perhaps through cuticle damage. Moreover, even under high humidity greatest uptake was observed in plants grown in glass jars, perhaps because this leads to less cuticle synthesis. Other optimal conditions for uptake were the same as for growth (Table III) , indicating that plants take up more exogenous fatty acids when they are growing (relatively) rapidly. This has also been observed in tissue cultures (W Terzaghi, unpublished data); perhaps rapidly growing cells are less particular about the fatty 
